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SUM RY 


An investigation was performed on a CFR, single cylinder, 
four stroke engine to compare three different methods of 
measuring the temperature of the exhaust vases. The three 
methods used were: 

1. Computation from indicator card. 

2. Direct reading of the B.E. shielded thermo- 
couple placed at the exit of the exhaust 
port. | 

3. Computation by use of o heat exchenger. . 

The tests were carried out at three different compression 
ratiog and through a renge of five fuel air ratios. 

The indicator card method produced the highest tempere- 
tures. The G.E. Thermocouple temperature showed an energy 
content of the exhaust geses lower than the energy content as 
computed by the indicator method by approximately 6% of the 
heating value of the fuel. The heat transfer method gave 
temperatures lower than the other two and approximately ten 
percent of the fuel heating velue below the indicator method. 
Good correlation was obtained among the three methods in the 
temperature trends with the maximum temperature at approxi- 
metely chemically eorrect fuel air ratio. 

The results of these tests are shown ag plots of tempera- 
ture vs percent of chemically correct fuel air ratio. Final 
eonclusions made are that the G.k. Thermocouple is the most 
practical within the range of the instrument and that the heet 
exchanger method cen be made more accurate than in this study 


and ean be used over a much greater range then the thermo- 
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U3 
INTRODUC TION 


The mee surement of energy in exhaust gasea has never 
been successfully determined due to the inherent difficulty 
of measuring temperatures in a hot moving stream. Since an 
aceurate measurement of these temperatures is necessary for 
engine heat bslance and for the design of auxiliary turbine 
units, it is considered extremely importent that a method 
be devised which will give satisfactory results. — 

The present investigetion is a comparison between two 
of the most satisfactory methods to date, the General Electric 
shielded thermocouple (Ref. 1), and High Speed Engine Indi- 
cator card, with the heat exchanger method of this thesis. 

This work wag done in the Sloan Automotive Laboratory 
at the Massachusetts Institute of Technology in April and 
May, 1947. 
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DESCRIFTION OF APPARATUS 
EI SOC RSE ER 


GaNTRAL 
The seteup and arrancement of the apperatus acsed in 


ENGINE 

The engine was a GFR, single cylinder, four stroke 
engine. It was liquid cooled, had single spark ignition, 
a variable dougresetos ratio, a bore of 3.25 inches, and 
a stroke of 4.5 inches. It had single inlet and exhaust 

Valves with no overlap. The engine drove, besides the 

dynamometer, the oil pressure pump, the ignition breaker 
points, the tachometer, the dynamometer exciter, and the 


these Bigh aeet engine indicator. “1s >. * oe 


_, Air supplied to the engine was passed through a sharp- 
edged orifice (0.515 inch diameter - instelied with flange 
taps according to ASME specifications -- Refs, 2 and 3), a 
(39 g#lion surge vind, a throttle valve, a vaporizing tank, 
- an intake pipe leading to the engine, Temperature of 
the inlet mixture was controlled by supplying either low 
pressure Steam or cooling water to the vaporizing tank Jacket. 
$-(_/4 dae vo r a iocew « ; » wie 
‘The fuel used was one hundred octane gasoline supplied 
by the laboratory system, The fuel was supplied by an exter- 





nally driven fuel pump and passed through a bubble separater, 





a rotometer, and a needle valve directly over the veporiz- 
ing tank. Thies valve was used to pressurize the supply 
line to avoid vapor lock. Vaporizeation was obtained by 
heating the vaporizing tank with steam (Fig. 4). 





Cooling wae provided by circulsting weter through the 
water jacket by an externally driven circulating p=? the 
tempers ture was mointained era at boiling point and 


excessive bolling wes a by ‘eooling coils. 





The 011 pressure ves obtained through an engine-driven 
pump. The oil] circulating pump was externally Griven. The 
oil temperature was satisfactorily controlled by a heat ex- 
changer using low pressure steam or water. 


IGNITION SYATSH 
See 


‘ _ ‘ 


ee wes providea by = breaker opere ting at one- 


half crankshaft ae The electrical circuit is shown in 
Fig. 5. 





The exhaust gnses were discharged from the engine into 
@ 1-1/5 inch iron pipe expanding into a 2 inch pipe in which 
the General Electric shielded thermocouple was housed (Fig. 6). 
From here the gases were passed through a flexible steel | 
coupling into a heat exchanger for cooling purposes. The 
gesee from the heat exchenger discherged into a surge tank 
and thence exhausted to the trench. The entire system from 
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Cylinder to discharge was lagged to reduce heat loss to a 
Sinimum. <A detailed sketch of the exheust system i¢ shown 
in Fig. 3. 


MEASUHING INSTRUMENTS : - 

A large electric cradle-dynamometer waa used to measure 
torque (Fig. 7). Speed wae determined by a eallbrated mech- 
anical tachometer. Air flow was measured with a standard 
sharp-edged orifice constructed in accordance with the ASME 
Fluid Meter Committee specifications. A differential water 
manometer was used to measure the pressure difference seross 
the orifiee. The orifice diameter was 0.515 inches with 
standard flange pressure taps. The calibration and correc- 
tions for temperature and pressure for this seteup are shown 
in Fig. & Fuel flow was measured with a Fiseher and Porter 
Stabl-Vis Rotometer; calibration curves for this rotometer 
are shown in Fig. 9. 

Atmospheric pressure was measured by a mereury berometer; 
inlet pressure was measured in the vaporizing tank by a water 
manometer, as was the exhaust pressure in the exhaust surge 
tank, Spark advance was measured by a neon light (excited by 
the spark discharge) which revolved with the crankshaft. 

Cylinder inlet temperature waa measured by a mercury 
bulb thermometer in the inlet pipe. Circulating water tem- 
peratures through the exhaust gas heat exchanger were measured 
by mercury bulb thermometers at intake and outlet. Exheust 
gae temperztures were measured in four pleces; one, shortly 
efter the exhaust port of the engine by the Generel Electrie 
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Df 
shielded thermocouple, and st three places in the exhaust 
surge a= by iron-constantan thermocoupl] 
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FROCK DURE 


The primary consideration of this investigation was to 
correlate the results obteined from the three methods used 
to measure exhaust gas temperatures. This was done by take 
ing simultaneous readings of all the data necessary, as shown 
in Table I. The runs made were divided into groups of three 
a@ifferent compression retios with five different fuelezir 
ratios for each compression ratic. CGompression ratios used 
were 7, 8, and 9, and fuel-air ratios used were 80%, 90%, 
100%, 110%, end 120% of chemically correct fuel-air ratios. 

The following conditions were held at constant values 
as indicated: 

1. O11 pressure hot, psia. 
2. Jacket water temperature 212°F 
3. Inlet valve eclesrance 012" 
4, Exhaust valve clearance O14" 
5. Engine speed 1600t1Orpm 
6. Spark advance 200 
The following factors were varied as necessery for test: 
1. Fuel-air ratio 
2. Compression ratio 

Meany familiarization runs were made to determine the 
beat operating conditions. During these familiarization runs 
many difficulties were discovered which had to be overcome in 
order to proceed. First, the heat exchanger, used to cool 
the exhaust gases, was much more efficient then originally 
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designed (according to at: 4), , and the cooler had to be de- 


ereased in size from 12° a eek en suntan tite i 

parallel flow, to maintain a temperature wéll above 212°F 
in the exhaust eurge tank. Also, atie to exceséive heat) —- 
cstised by legging the exhsust pipes, © sodiumafilied exhaust 
valve wis dss te ndidteth cO0Ter valve tempererere We feseen 
the protability of Béckfire. © 6 et 
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WISCUSOION 


In this thesis three methods of exhaust gas temperature 
measurements were investigated. fwo methods, namely, deter- 
mination of tewpereture from the indicator diagram and from 
the heat exchanger required computation and use of the Hcottel 
Gurned Mixture Charte for (CHg) (Fig. 11). The third method 
was the shenes temperature reeding of the General Electrie 
Thermocouple. A description of the uee of the Hottel charts 
and the high speed indicator diagram for the te ef this 
problem is given below. — | = . Gm -re 

To ¢oupute the exhaust gas temperature from a high speed 
indicator card the First Lay of Thermodynamics was used. From 
a point "X" on the expansion stroke line immediately before 
the exhaust valve opens an equivalent cycle was used through 
the blowdown and exhaust processes. 

It wae hetedesary to find a relation vetween the cylinder 
volume and the Hottel Chart volume, and to determine the per- 
centage Of residual ges “f" in the actual cycle. These two 
must be done together by trial and error. — 

Relation between Venart 8M4 Voylinager. 





In actual cycle! 

“Fresh air/éyele = B pounds 
Air in residual ges/eyele os pounds 
Total ‘aly/eyele = (B+ 2) pounds 


Total fuel/eyele = (B + 2)F pounds, where Fs fuel-air ratio 


fotel charge/eyele = (B 4 Z2)(1 4 F) pounds 
Total residual gae/eycle « Z(1 4 F) pounds 
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Total charge/eycle = (8B + Z2)(1 4 F) s (B4 Ter) (1 #8) : melt F) 


Chart moss = (1 4 F) pounds 
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Thus a value for f was agsumed and the Voyjinaer for 
point “X" converted to Vg,.-¢- This velue and the pressure at 
point *X" were then used to lecate the corresponding poirt on 
the Hottel Chart for the same fuel-air ratio. 

Then expand adiabatioally to the exhaust pressure to get 
the volume of the burned charge at exhaust pressure. 


Now f » pelscrenes — F ——— - 
exhaust 


, va’? 


This value of E wae then nee vos wi th the eseuned velue, end 


the method of so tgvaining pessnbed. untii the two values were 
equal, s | ' 

Now the soint "x" could be recurs tely located. on the 
Hottel chart. By oapeditias te total cylinder volume converted 
to chart volume, ond te exheust pressure, two points "4" and 
"5" respeetively, cowld be located on the Hottel chart. 

Assuming that the chemical energy of the exhaust gas did 
not change during the exhaust process, the sensible enthalpy 
of the exhaust gas may be calculated as follows: 


» ha 
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. Pe (V\-Vo) 
(1-f)H. = Bpy - fBo. + aaa arent 
and the temmpereture of the exhaust gas determined from the 


Hottel chart. 


Determination of Exhaust Gag re 






The heat extracted from exhaust gases (Btu/sec) by the 
water was found from the rate of water flow (1bs/see) and 
its rise in temperature. Since the basis of the Hottel 
charts is one pound of sir plus the necessary fuel to give 
the proper fuel air ratio, the 3tu's/sec found from the 
water flow was converted to Btu's/lb air by dividing this 
value by the mass rete flow of air in 1bs/sec. _—— 

Using the mean temperature of the gases in the surge 
tank, the enthalpy of these gases was determined from the 
Hottel chart at an entropy of 0.30. This entropy was used 
because the actual point was off the chart. This intro- 
duced no error because in this region enthalpy is a funetion 
of temperature only. By adding the heat extracted - 
(Stu/lb air) the enthalpy of the gases at exhaust was found. 
From this value the temperature was read directly. . 


.* se" 4 





The design of the heat e xehenger for cooling was eriti- 
eel. ‘The area had to be such that a reasonable rise in 
water temperature was produced (to minimize errors in read- 
ing); that the rate of water flow was sufficient to prevent 
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steam pockets; anda thet the tempercttire of the exhaust. 
gases in the surge tank was sufflelently high to eveid 
water condensation. heel. Sf See we 

Three ninety éegree turns were mode in the exheust — 
system before the heat exchanger. Thies wee deeaed neces- 
sery in order to prevent the ehielided thermecouple from _ 
“seeing” the hot exheust port or the entrance to the © 
cooler. Also, these turns induced turbulence end helped _ 
to prevent stretifiestion of the exhaust gases. fo mini- _ 
mize the possibllity of a large temperature credient 
across the thermocouple, a third turn was introduced in- 
mediately before the cooler. ‘This turn directed the ex- 
haust gases vertieally upward into the cooler which allowed 
easy removal of air from the cooling water syatem. 

The heet exchanger consisted of a two-lneh pipe 
concentrically placed in a three-inch pipe. One bend was 
made in the cooler making the discharge horizontel for 
convenience of installation and instrumentation. This wae 
done by spider spacing sround the inner pipe, tightly packe 
ing send between the pipes, and cold bending the combination. 
Thia method proved very satisfactory end is recommended for 
any aimilar construction. 

The surge tank was used to bring the exhaust gases to 
e guffieiently etegnent condition to sllow sccurate pressure 
and temperature meceurements. 

The whole system was legged with high temperature insu- 
lation and it very effectively minimized heat losses to the 
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atmosphere. Due to this lagging, it is recommended that 
tee exbwest pipes and fheemehé eapteng pete te Gee hile 
exchanger be made of high temperature steel, if the use 
of © measuring thermocouple 16 anticipated. The use of e 
flexible coupling between the exhaust pipe and heat ex- 
changer was coneidevet savisdbie in this investigation to 
prevent damage to the engine cylinder heed due to vibration 
wetween the engine mount #nd the heavy cooling system, and 
to allow for changing of the compression ratio without mov- 
ing’ the heat’ exchanger”) 
“a4 pet nocd Cor seth Fompceseion segiy avi fuel ake pete. 
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RESULTS 


The temperatures were computed according to the 
methods described in the Diseussion and were plotted ina 
Figs. 12-17. As can be seen from the curves, the trend 
of temperature change by each method agreed exceedingly 
well. Since a spark advance of 20 degrees was used in 
all rans, the shape of the curves for each set of com- 
pression ratios differed from one another, This was ap- 
parently due to the fact that best power spark advance 
was not used for each compression ratio and fuel air retio. 

The results from the heat exchanger method used in 
this investigation were not quite in agreement with the 
direct reading of the G.E. thermocouple and were well cut | 
of agreement with the indicator method. This was ex- 
pected due to the simplifying assumptions made, namely, — 
that the exhaust system process was adiabatio and the ~ 
“Phew dea", A Loehrer : 

- ‘The temperatures computed by the indicator method 
were fundamentally theoretical and are not toe be eon- 
sidered the actual temperatures existing in the exhaust 
pipe. However, the nearer to this temperature that any 
method can come, the better the method. From the curves, 
the temperature difference between the theoretical and 
the computed temperature is on the order of 400°F. This. 
is not considered to be close enough to give an accurate — 
heat balance of the engine, nor to predict accurately the — 
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energy remaining in the exhaust gages, No aceurate heat 
balance has ever been performed on an internal combusticn 
engine, mut according to theoretical considerations, ap- 
proximately 15% to 20% of the heating value of the fuel 

is dissipated in the cylinéer ana@ jackets. Because the | 
exhaust pipe and port in this investigation were at such — 
a high temperature, due to the lagging, it was expeeted 
that the heat transfer back to the cylinder from the 6x~ 
haust pipe would appreciably inerease the amount indicated 
above. Therefore, by taking an estimated 8% to 11% of 

the heating value of the fuel, additionally dissipated to 
the cylinder and jacket, and applying this correction to 
the curves already obtained by the cooler method, they can 
be made to fall directly on the indicator curves. 

The G.E. thermocouple gave results that were closer 
to the indicator temperatures, the average error from this 
temperature being about 6% to 7% of the heating value of 
the fuel. Because of its amall size and simple installa- 
tion, this thermocouple was considered both practical and 
accurate. Therefore, it is concluded that this method is, 
to date, the most satisfactory method of measuring high 
temperatures in a hot moving stream within the limits of 
the instrument, that is, up to 1800 degrees Fahrenheit. 

Since the error between the G.E. thermocouple reading 
and the heat exchanger method is only about three percent 
of the heating value of the fuel, and since this error can 
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be further reduced or mt ahorbas by connecting the heat 
exchenger, with an insulating coupling, direetiy to the 
exhaust port of the engine, the nethod developed in this 
thesis is recommended for use with engines whose exhaust 
temperatures are both in and above the 
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Satisfactory correlation was obtained among the three 
meted a investigated. 


clesest to the expected results and is the most pras- 
tical reliable method. 
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The heat exchanger method is sufficiently accurate for 
the <I oe of my rye pag vd were the — of the 


7 thermocouple. 
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The indicator method eam be used for rough results by 
subtracting approximately 6% of the heating velue of 
the fuel from the energy of the exhaust gases deter- 
mined by this method. 
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This investigation should be further carried on, con- 


necting the water cooler (by insulated coupling), 
directly to the exhaust port to further reduce heet 
losses. " 

“Fialt Vetere, Their Iherry We? qubieetioe", Tav¥ ¥. 
So-cotebideh. 0:defhaite.srend. of the,temgomsvure curves, 
best power spark aévance should be used for all runs. 
"563 feenr Tewt Gaiew of Jae", Port 5. Gaapee? 4, 

if a similar set-up is used, high temperature metals 
should be used for the portion of the exhaust pipe 
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SAMPLE GaLCULATIONS 





Conditions: _Gouproseton ratio 
air ratio om of chemically correct 


Mean temperature in exhaust surge tank (°F) 303 
Mass rate of water flow (lbs/min) 3 

~— Boo air * (lbds/sec) 0.0149 
Rise in pone water temperature (°F) pos 


—_—— 


Heat extracted by cooling water = eh} x 10h = ~ Btu/sec : 


“O1hd 399 Btu/id air 
Sensible ‘mttaer oie @ 303°F (Btu/1b air) 102 
Rise in sensible enthalpy of gases (Btu/lb air) 399 


Final sensible enthalpy of gases (Btu/lb air) 
— of ane gases at exhaust (BF) 





Conditions: — ma leon ratio 6. 
Fue ur te 120% of chemically correct 


Symbols: M, - mess of air (1bs/eyele) =? >" 
Vey, - actual cylinder volume (oudie inches) 
f - mass fraction of residual gases 
Pg - pressure at point*x" on indicator card 
Vy - @ylinder volume at point *x" on indi- 
cator card. 
Bg - sensible internal energy (peat products) 






sensible enthalpy (Btu/lb products) 


=e . 1g x 120 s .001121 


Clearance volume - 5.333 cubie inches 


Assume f = .Okk 
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From Indiecutor diagram 


Py = 65.95 i /in® Vy, = 37.73 in? 





¥ = 32273 , 2956. 2 
chart =t75¢ * 001121 2° ft 
) { 


Velearance = 





22333 ~ 2956. . 5 
1728» .001121 — **® ft 


From Chart 


¥, = 60 tt? “.f = Yemenite 2603 = Lond 


From Indicator diagram 
V, = 42.664 da’ 
¥, = AGs66s x -36trer * Ts 
Froa Chart 
Bg, = 585 - 336 = 549 
Bas = 692 - 336 > 356 
. : ( - ¥ 
(1 = f)ligg = By, - figs 4 Peds) 
= 549 - .0bh x 356 + Abel BAA 2 16.08 
= 563.6 
Uge = 610 Btu/f air + fuel 
Te = 2345°R = 1685°F 
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Hand }wap ror Maintaining 
Pressure in Bubble Tank 





0) & 
Bubple b 
Separator 
O<) hotometer's : 
Pressure = a 
* etease Nixing 
Orain Tank 
OO » ‘<) 
- Pressure keygulator . " 
 /., watts No. 57 Pressure To 
—— +t Gage Lngine 
x) 
Press. helief.___ _ Drain 
Watts No. 30 
5-75 psia 
ruéi Pulp 
helief (Gerotor ) 
By~pass — 
ae Laboratory Fuel Lines 
7 = 
a 
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SCHEMATIC DIAGHAM OF FULL SYS Tim 





Fig.F 
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